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INTRODUCTION 

Shale o i l  reserves a r e  more than t h r e e  and one-ha l f  t imes the  amount o f  w o r l d  
But because o f  overburden, most o f  t h e  reserves cannot be petroleum reserves (L). 

mined conven t iona l l y ;  an i n - s i t u  process must be used f o r  o i l  recovery.  The i n -  
s i t u  process has advantages over  aboveground, convent ional  processes because t r a n s -  
p o r t i n g  o r  c rush ing  the shale i s  unnecessary be fo re  r e t o r t i n g ;  and spent sha le  d i s -  
posal i s  no problem a f t e r  r e t o r t i n g .  But a disadvantage i s  t h e  d i f f i c u l t y  o f  moni- 
t o r i n g  the r e l a t i v e l y  deep underground convers ion changes. One developing method 
f o r  f o l l o w i n g  these changes i s  o p t i c a l  a c t i v i t y  measurements on the sha le  o i l  
d u r i n g  i t s  p roduc t i on  because we know t h e  o p t i c a l  a c t i v i t y  o f  sha le  o i l  decreases 
w i t h  i nc reas ing  hea t ing  r a t e  (2). 
conta ins o p t i c a l l y  a c t i v e  b i o l o g i c a l  markers de r i ved  from l i f e  forms e x i s t i n g  
d u r i n g  t h e  fo rma t ion  o f  t h e  shale depos i t  (2). Known b i o l o g i c a l  markers--steranes, 
d i terpanes,  gammacerane, and perhydro-6-carotene--are reduc t i on  products  from d i a -  
genesis o f  former l i v i n g  systems. Despi te  the  r i g o r s  o f  heat ing,  i n  most r e t o r t i n g  
systems these o p t i c a l l y  a c t i v e  molecules su rv i ve  i n  s u f f i c i e n t  q u a n t i t i e s  t o  a l l o w  
t h e i r  d e t e c t i o n  w i t h  a s e n s i t i v e  spect ropolar imeter .  These measurements show pro-  
mise i n  s tudy ing  l a rge -sca le  f i e l d  r e t o r t i n g  systems. 

This  s tudy a t  t h e  Laramie Energy Research Center (LERC) shows examples o f  op- 
t i c a l .  a c t i v i t y  measurements i n  a c o n t r o l l e d - s t a t e  r e t o r t  system, i n  t h e  S i t e  9 i n -  
s i t u  f i e l d  experiment, l oca ted  a t  Rock Springs, Wyo., and i n  d i f f e r i n g  r e t o r t i n g  
systems us ing  Green River ,  Antr im, and Moroccan o i l  shales. 

Shale o i l  i s  o p t i c a l l y  a c t i v e  because o i l  sha le  

EXPERIMENTAL 

Op t i ca l  a c t i v i t y  measurements were made on t h e  s a t u r a t e  f r a c t i o n  f rom the  
shale o i l  and bitumen, as descr ibed i n  d e t a i l  e a r l i e r  (2). 
o i l  i n  a 50-ml beaker was d i sso l ved  i n  20 m l  o f  cyclohexane (Burd ick and Jackson 
Laborator ies,  Inc. ) .  The s o l u t i o n  was cooled t o  O°C i n  a c i r c u l a t i n g  co,ld bath,  
and IO m l  o f  15 percent  phosphorous pentox ide in  s u l f u r i c  a c i d  was s l o w l y  added 
w i t h  s t i r r i n g .  S t i r r i n g  was cont inued f o r  1 hour, then the  m i x t u r e  was t rans-  
f e r r e d  and c e n t r i f u g e d  f o r  1/2 hour a t  3000 RPM. The cyclohexane l a y e r  was drawn 
o f f ,  and t h e  bottom l a y e r  was tw ice  more mixed w i t h  IO m l  o f  cyclohexane and cen- 
t r i f u g e d .  Then the  combined s o l u t i o n  was deco lo r i zed  by pass ing i t  ove r  IO gm o f  
"powdered" s i l i c a  ge l  (Baker, 60-200 mesh), e l u t i n g  w i t h  cyclohexane, and c o l -  
l e c t i n g  the f i r s t  IO m l  o f  s o l u t i o n .  
t o  20 m l .  The o p t i c a l  a c t i v i t y  was determined on t h i s  s o l u t i o n  i n  t h e  OR0 mode 
w i t h  a Jasco J-20 spect ropolar imeter .  Op t i ca l  a c t i v i t y  data were determined i n  
the  300- t o  600-nm wavelength range and the  s o l u t i o n  was evaporated t o  dryness t o  
determine the  t o t a l  sa tu ra tes .  The o p t i c a l  a c t i v i t y  da ta  were c a l c u l a t e d  based 
upon the amount o f  t o t a l  sa tu ra tes .  

ment (4 )  werk analyzed. 

B r i e f l y ,  1/2 g of d r i e d  

The s o l u t i o n  was evaporated under n i t r o g e n  

Shale o i l s  and bitumens f r o m  an i n t e r r u p t e d ,  c o n t r o l l e d - s t a t e  r e t o r t  e x p e r i -  
Green R ive r  fo rma t ion  o i l  shale, 1/8-t0 1/2- in .  p a r t i c l e  - 
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s ize,  was packed i n t o  a v e r t i c a l  3-in. s t a i n l e s s  s t e e l  p i p e  and was e x t e r n a l l y  e l e c -  
t r i c a l l y  heated in  6 - in .  increments a t  a 2'F-per-minute hea t ing  r a t e  w i t h  a zone 
t r a v e l  r a t e  o f  3 in .  pe r  hour. Produced o i l  f lowed downward w i t h  ass i s tance  from 
a n i t r o g e n  sweep gas. A f t e r  approx imate ly  h a l f  o f  t h e  shale column had reached a 
temperature o f  1000°F (about 36 hours) ,  t h e  experiment was stopped; t h e  p i p e  was 
cooled w i t h  water and c u t  i n t o  24 6 - in .  segments. The shale samples from t h e  24 
segments consis ted o f  14 spent-shale samples and IO samples o f  o i l - w e t  shale,  w i t h  
v a r y i n g  temperature exposures from 730°F t o  ambient. The o i l - w e t  shale samples 
were r insed w i t h  cyclohexane t o  recover the  su r face  o i l  samples. The r i n s e d  sam- 
p l e s  were d r i e d  a t  room temperature, crushed t o  200 mesh, and Soxhlet  e x t r a c t e d  
f o r  48 hours w i t h  cyclohexane t o  o b t a i n  t h e  bitumen samples. The su r face  o i l  and 
bitumen samples were prepared and analyzed f o r  o p t i c a l  a c t i v i t y  as descr ibed.  

Opt ica l  a c t i v i t y  analyses were made on severa l  r e t o r t i n g  systems us ing  t h e  
descr ibed method. Nine composite samples o f  shale o i l  were analyzed, rep resen t ing  
6 months o f  o p e r a t i o n  a t  t he  LERC S i t e  9 i n - s i t u  f i e l d  experiment (5) .  Shale o i l s  
were analyzed from t h e  bench-scale c o n t r o l  l e d - s t a t e  r e t o r t  system; From f i v e  
aboveground, semi-works r e t o r t  systems; and from two large-b lock systems. 

RESULTS AND DISCUSSION 
Only da ta  f r o m  t h e  450-nm wavelength a r e  presented i n  F igures 1 and 2 f o r  ease 

o f  i n t e r p r e t a t i o n .  Shale o i l  o p t i c a l  a c t i v i t y  changes as t h e  r e t o r t  hea t ing  r a t e  
changes (2). 
t ime, o p t i c a l  a c t i v i t y  changes should be r e l a t e d  t o  each o f  these components. Data 
from ana lys i s  of o i l s  and bitumens from the  i n t e r r u p t e d  c o n t r o l l e d - s t a t e  r e t o r t  
a r e  shown i n  F igu re  1 .  O i l s  r i n s e d  from the  su r face  o f  the coo le r  sha le  have, ex- 
cep t  f o r  samples 15 and 24, a s p e c i f i c  r o t a t i o n  o f  about 4 u n i t s .  Sample 15, 
hav ing  been exposed t o  t h e  h o t t e s t  temperature (73OoF), shows o n l y  a t r a c e  o f  ac- 
t i v i t y ;  and t h e  l a s t  sample, 24, has about n i n e  degrees o f  r o t a t i o n ,  p o s s i b l y  be- 
cause the coo le r  end o f  t h e  r e t o r t  causes d i l u t i o n  by accumulations o f  sa tu ra tes .  
The wavel ike d i s t r i b u t i o n  o f  t h e  da ta  i s  probably  r e a l  i n  t h a t  i t  i s  w e l l  w i t h i n  
the  t e s t i n g  l i m i t s .  The rece ive r  o i l ,  f rom about one -ha l f  o f  t h e  t o t a l  charged 
shale, shows an o p t i c a l  r o t a t i o n  o f  about f o u r  degrees, approx imat ing t h e  va lues 
from the sur face o i l s .  

And s i n c e  h e a t i n g  r a t e  cons is t s  o f  two components, temperature and 

The o p t i c a l  a c t i v i t y  o f  t he  bitumens e x t r a c t e d  from the  p a r t l y  r e t o r t e d  sha le  
(samples I 5  t o  19) and f rom the  un re to r ted  sha le  (samples 20 t o  24) i s  a l s o  shown 
i n  F igu re  1. A smooth cu rve  evolves,  proceeding f rom sample 20 t o  15, i n d i c a t i n g  
t h a t  the e f f e c t  o f  heat  on t h e  sha le  produces a un i fo rm loss o f  o p t i c a l  a c t i v i t y  
in  t h e  bitumen. A n  i n d u c t i o n  p e r i o d  be fo re  the  r e t o r t i n g  o f  the shale (est imated 
t o  occur a t  about 400'F) occurs i n  the  low-temperature loss o f  a c t i v i t y  i n  samples 
I 9  t o  17. Sample 19 has a r o t a t i o n  o f  approx imate ly  12 degrees; number 17 app rox i -  
ma te l y  IO degrees. 
t he  temperature from 110 t o  190°F over  a &hour per iod.  Samples 15 and 16 r e f l e c t  
a r a p i d  loss o f  a c t i v i t y  as t h e  sha le  becomes heated t o  r e t o r t i n g  temperature w i t h  
subsequent emergence o f  o i l .  The r a p i d  increase i n  o p t i c a l  a c t i v i t y  f rom sample 
20 t o  23 cannot be s a t i s f a c t o r i l y  exp la ined  a t  t h i s  t ime b u t  approaches the  o p t i -  

T h i s  2-degree d i f f e r e n c e  apparen t l y  r e s u l t s  from inc reas ing  

.ca l  a c t i v i t y  o f  Green R ive r  n a t u r a l  b i t umen- - t yp i ca l l y  30 u n i t s .  

O i l s  from the  S i t e  9 i n - s i t u  f i e l d  experiment were analyzed f o r  o p t i c a l  ac- 
t i v i t y .  
o f  t h e  6-month exper iment  were more o p t i c a l l y  a c t i v e  than those i n  the  second h a l f .  
The lower o p t i c a l  a c t l v i t y  i n  the second h a l f  o f  t he  experiment p robab ly  r e s u l t s  
from a d i f f e r e n t  thermal h i s t o r y .  
i n j e c t i o n  system when on the 60 th  day t h e  i n j e c t i o n  w e l l  was changed from w e l l  No. 
1 ( l oca ted  a t  the cen te r  o f  t h e  s i t e )  t o  w e l l  No. IO ( l o c a t e d  nearer t h e  edge o f  
the s i t e ) ,  thereby moving the  a i r  i n j e c t i o n  c l o s e r  t o  t h e  moving combustion f r o n t ,  
p o s s i b l y  f u r t h e r  decomposing p r e v i o u s l y  accumulated o i l .  

The r e s u l t s  in  F igu re  2 show t h a t  t he  o i l s  produced du r ing  the  f i r s t  p a r t  

The r e s u l t s  may r e f l e c t  change i n  t h e  a i r -  

The general decrease i n  

I 

I 
I 
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o p t i c a l  a c t i v i t y  f o r  a l l  t h e  composite o i l s  i nd i ca tes  t h a t  a f t e r  6 months o f  p ro -  
d u c t i o n  a "steady s ta te "  o i l  was no t  produced. The general i n d i c a t i o n  of o i l  de- 
composit ion i s  n o t  ev iden t  i n  IO o t h e r  phys i ca l  o r  chemical t e s t s ,  as shown i n  
Table I .  T r a d i t i o n a l  i n d i c a t i o n s  o f  o i l  thermal decomposit ion such as i nc reas ing  
o l e f i n ,  aromatic, and naphtha contents  o r  decreas ing v i s c o s i t y  and pour  po in t ,  a r e  
no t  unequivocal ly  present. I n  some instances, as i n  o l e f i n  content ,  t h e  l a s t  f o u r  
samples a r e  i n  o p p o s i t i o n  to t h e  o p t i c a l  a c t i v i t y  da ta  by hav ing g e n e r a l l y  lower 
amounts o f  o l e f i n s - l e s s  o i l  decomposit ion. The o p t i c a l  a c t i v i t y  da ta  i n d i c a t e  
t h a t  t he  l a s t  f o u r  samples a r e  decomposed t h e  most. 

TABLE 1 .  - Proper t i es  o f  S i t e  9 composite o i l s  

Sample number 

Proper ty  1 2 3 4 5 6 7 8 9  
Naphtha, percent" 9 

Ole f ins ,  
percent  i n  naphtha 36 

Ole f ins ,  
percent  i n  l i g h t  d i s t i l l a t e  22 

percent  i n  naphtha 43 

P a r a f f i n s ,  
percent  i n  l i g h t  d i s t i l l a t e  22 

percent  i n  naphtha 21 

percent  i n  l i g h t  d i s t i l l a t e  35 

Residuum, percent" 6 

V iscos i t y ,  
SUS IOO'F 53 

Pour po in t ,  OF 35 

P a r a f f i n s  , 

Aromatics , 

Aromatics, 

6 

32 

37 

17 

46 

22 

17 

6 

58 

40 

6 

25 

38 

51 

49 

24 

13 

6 

57 

40 

8 

19 

35 

57 

52 

24 

13 

7 

53 

45 

IO 

19 

15 

54 

52 

27 

33 

4 

46 

40 

1 1  

14 

13 

59 

57 

27 

30 

5 

47 

45 

12 1 4  

27 9 

12 33 

45 63 

56 38 

28 28 

32 29 

8 7  

56 45 

40 35 
25 
450 3.2 2.1 1 .9  1.8 1.6 0.8 0.6 0.3 0.2 Opt i ca l  a c t i v i t y  [a] 

*Determined by s imulated d i s t i l l a t i o n  

O i l s  from d i f f e r e n t  r e t o r t i n g  systems were analyzed f o r  o p t i c a l  a c t i v i t y  t o  
determine the  p o s s i b i l i t y  o f  observ ing b a s i c  d i f f e r e n c e s  among r e t o r t i n g  systems. 
The r e s u l t s  i n  F igu re  3 show t h a t  d i f f e r e n c e s  a r e  observable. Data from the e n t i r e  
300- t o  600-nm range a r e  presented i n  F igures 3 and 4 f o r  more comprehensive data 
evaluat ion.  Genera l ly ,  t h e  o p t i c a l  a c t i v i t y  data may be ca tegor i zed  i n t o  t h r e e  
groups. 
system where smal l  sha le  p a r t i c l e s ,  g r a v i t y  f low,  and n i t r o g e n  gas sweeping a l lowed 
t h e  produced o i l  t o  escape f r o m  t h e  shale e a s i l y  thereby m in im iz ing  secondary o i l  
decomposition. 

F i r s t ,  t h e  l e a s t  decomposed o i l s  a r e  de r i ved  from the c o n t r o l l e d - s t a t e  

The second group of  o i l s  was produced from la rge ,  aboveground, 
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semi-works r e t o r t s  w i t h  r e l a t i v e l y  medium sha le  p a r t i c l e s  ( I  t o  6 in . )  and moder- 
a t e  c a p a b i l i t y  f o r  t h e  o i l  t o  escape the  shale. The t h i r d  group o f  o i l s  was pro-  
duced from LERC's aboveground, s imulated i n - s i t u  150-ton r e t o r t  and t h e  S i t e  9 i n -  
s i t u  system t h a t  may be cha rac te r i zed  as l a rge -b lock  systems; the re fo re ,  slow es- 
cape o f  o i l  from t h e  s h a l e  would be probable. Slow escape o f  o i l  would presumably 
cause considerable decomposit ion. 

Op t i ca l  a c t i v i t y  comparisons were made among o i l s  produced i n  the  LERC IO-ton 
r e t o r t  us ing Green River ,  Antr im,  and Moroccan shales. F igu re  4 shows the  Green 
R i v e r  shale o i l  to be the  most o p t i c a l l y  a c t i v e  by at l e a s t  a f a c t o r  o f  2 a t  a l l  
wavelengths. The An t r im  and Morrocan sha le  o i l s  have e s s e n t i a l l y  i d e n t i c a l  ac- 
t i v i t y  probably  r e f l e c t i n g  the  amounts o f  o p t i c a l l y  a c t i v e  components i n  t h e  o r i g i n a l  
shales. These shales have, i n t e r e s t i n g l y ,  a marine o r i g i n ,  w h i l e  the  Green R ive r  
s h a l e  has a nonmarine o r i g i n .  

SUMMARY 

Op t i ca l  a c t i v i t y  measurements o f  shale o i l s  a l l o w  i n s i g h t s  i n t o  r e t o r t i n g  con- 
d i t i o n s  t h a t  a r e  n o t  observable by t r a d i t i o n a l  a n a l y t i c a l  methods. Wi th a bench- 
s c a l e  r e t o r t ,  a low-temperature i nduc t i on  p e r i o d  in  the  sha le  be fo re  r e t o r t i n g  can 
be observed. The r e t o r t i n g  phase i t s e l f  may be observed by f o l l o w i n g  changes i n  
bitumen and i n  su r face  o i l  o p t i c a l  a c t i v i t y .  Op t i ca l  a c t i v i t y  data f r o m  S i t e  9 
composite o i l s ,  rep resen t ing  6 months o f  product ion,  r e f l e c t  two d i s t i n c t  r e t o r t i n g  
phases o f  t he  experiment. The second, lower o p t i c a l l y  a c t i v e  phase, may have re -  
s u l t e d  from secondary deg rada t ion  o f  p r e v i o u s l y  accumulated o i l .  Despi te  6 produc- 
t i o n  months, a "steady s t a t e "  o i l  was n o t  produced. Op t i ca l  a c t i v i t y  da ta  f rom IO 
d i f f e r e n t  r e t o r t i n g  system o i l s  show decreasing o p t i c a l  a c t i v i t y  w i t h  i nc reas ing  
sha le  s i z e .  
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PETROGRAPHIC METHOD FOR SELECTIVE DETERMINATION OF A COMPONENT 
(RAW COAL) I N  A MIXTURE OF PRODUCTS FROM PROCESSING OF COAL 

D .  M. Mason 
Y.  J u l i a n  

I n s t i t u t e  of Gas Technology 
3424 S. S t a t e  S t r e e t  

Chicago, I l l i n o i s  60616 

In t roduct ion  

I n  t h e  HYGA@pilot p l a n t  g a s i f i c a t i o n  r e a c t o r ,  f i n e  p a r t i c l e s  from each r e a c t o r  
s t a g e  become ent ra ined  i n  t h e  gas  and are c a r r i e d  i n t o  t h e  ex i t -gas  cyclone and a r e  
removed from t h e  gas .  Thus, t h e  d u s t  removed by t h e  p i l o t  p l a n t  cyclone inc ludes  par-  
ticles from t h e  steam-oxygen-gasification f l u i d i z e d  bed, t h e  second-stage hydrogas i f i -  
c a t i o n  f l u i d i z e d  bed,  t h e  f i r s t - s t a g e  h y d r o g a s i f i c a t i o n  en t ra ined  r e a c t o r ,  and t h e  
s l u r r y  d r i e r  f l u i d i z e d  bed. (See F igure  1 . )  For an understanding of t h e  process ,  it 
i s  d e s i r a b l e  t o  estimate t h e  amount of feed  c o a l  c a r r i e d  out  of t h e  r e a c t o r  from t h e  
s l u r r y  d r i e r  bed. 
mining t h e  feed c o a l  conten t  of  samples of d u s t  c o l l e c t e d  from t h e  cyclone.  The method 
was developed on samples obtained when t h e  p i l o t  p l a n t  was opera t ing  on  l i g n i t e ,  b u t  i t  
should a l s o  be  a p p l i c a b l e  t o  samples from t h e  process ing  of o t h e r  ranks of c o a l .  

To f i l l  t h i s  need, w e  have developed a pe t rographic  method f o r  de te r -  

I f  the  d u s t  c o l l e c t e d  from t h e  cyclone were composed of material from only  two 
sources  and t h e  two components d i f f e r e d  i n  c h a r a c t e r ,  i t  would be p o s s i b l e  t o  e s t i m a t e  
t h e i r  r e l a t i v e  propor t ions  from t h e  elemental  composition o r  o t h e r  test proper ty  of  
t h e  sample and i t s  two sources .  This  s i t u a t i o n  would a l s o  apply i n  e f f e c t  i f  some test 
proper ty  were s u f f i c i e n t l y  uniform among a l l  sources  but  t h e  one of i n t e r e s t .  This  i s  
not  t h e  case here ,  as shown by ana lyses  of t y p i c a l  bed samples from t h e  d i f f e r e n t  
s t a g e s  of t h e  r e a c t o r  (Table 1). Table  1 a l s o  shows t h a t  t h e  cyclone d u s t  i s  much 
f i n e r  than t h e  samples of source  m a t e r i a l s ,  a s  might b e  expected. One should,  t h e r e f o r e ,  
analyze corresponding f i n e s  f r a c t i o n s  of  t h e  s o u r c e  m a t e r i a l s  i f  t h i s  approach appeared 
f r u i t f u l .  However, n o t e  t h a t  t h e  composi t ion of  t h e  f i n e s  e l u t r i a t e d  from a p a r t i c u l a r  
bed may d i f f e r  from t h e  composition of p a r t i c l e s  of  t h e  same s i z e  range sampled from 
t h e  bed. Thus, one can only surmise,  from t h e  composition d a t a  of Table  1, t h a t  t h e  
amount of feed c o a l  i n  t h e  cyclone d u s t  is probably between zero  and 25 weight  percent .  

Development of Method 

I n  t h e  customary form of pe t rographic  q u a n t i t a t i v e  a n a l y s i s  f o r  t h e  organic  compo- 
n e n t s  (macerals) of c o a l ,  t h e  sample is mixed wi th  epoxy r e s i n  and pressed  i n  a mold 
t o  o b t a i n  a c y l i n d r i c a l  b r i q u e t .  A f t e r  hardening,  t h e  b r i q u e t  is  sec t ioned  and pol ished 
i n  a manner such t h a t  t h e  macerals can b e  i d e n t i f i e d  under t h e  microscope (ASTM Methods 
D2797 and D2799) (1) .  Using an eyepiece wi th  c r o s s h a i r s ,  success ive  a r e a s  of t h e  
pol ished s u r f a c e  a r e  examined, and t h e  macerals t h a t  appear  under t h e  c r o s s h a i r  i n t e r -  
s e c t i o n  are counted. (A c r o s s h a i r  g r i d  wi th  m u l t i p l e  i n t e r s e c t i o n  p o i n t s  can a l s o  be 
used.)  
s e c t i o n  and i t s  volume i n  t h e  sample; wi th  a s u f f i c i e n t  number of counts ,  t h e  percen- 
t a g e  of counts  f o r  a component i s  a s a t i s f a c t o r y  measure of  i t s  volume percent  i n  t h e  
sample. Poin ts  appearing on minera l  mat te r  and t h e  r e s i n  mat r ix  are ignored.  The 
volume percent  of each maceral on t h e  mineral-matter-free b a s i s  i s  cus tomar i ly  repor ted ,  
bu t  can be  converted t o  an ash- o r  mineral-matter-containing b a s i s  by c a l c u l a t i o n  from 
a s h  content  and es t imated  d e n s i t i e s .  

The number of  counts  of each component is p r o p o r t i o n a l  t o  i t s  area i n  t h e  

We concluded t h a t  a p p l i c a t i o n  of t h i s  method t o  t h e  cyclone f i n e s  would be  very  
d i f f i c u l t  because of t h e  n a t u r e  of some of t h e  components o t h e r  than  t h e  c o a l  feed.  
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As g a s i f i c a t i o n  progresses  t h e  p a r t i c l e s  become i n c r e a s i n g l y  porous and t h e  propor t ion  
of minera l  mat ter  i n c r e a s e s .  Mineral  matter o t h e r  than  i r o n  s u l f i d e s  i s  sometimes d i f -  
f i c u l t  t o  d i s t i n g u i s h  from t h e  mounting medium, and c l a y  p a r t i c l e s  e s p e c i a l l y  are sub- 
ject t o  plucking dur ing  t h e  gr inding  and pol i sh ing .  Ins tead  w e  i n v e s t i g a t e d  a v a r i a n t  
procedure i n  which w e  g r a v i m e t r i c a l l y  determine t h e  weight percent  of  t h e  sample i n  the 
b r i q u e t  and, by a p o i n t  count  a n a l y s i s ,  determine the volume percent  of feed  c o a l  i n  
t h e  b r i q u e t ,  lumping a l l  o t h e r  components and mounting medium t o g e t h e r .  The d e n s i t i e s  
of t h e  feed  c o a l  and of  t h e  b r i q u e t  are then  needed t o  convert  t h e  volume p e r c e n t  of  
feed  c o a l  i n  t h e  b r i q u e t  t o  weight percent .  From t h e  weight p e r c e n t s  of feed  c o a l  and 
sample i n  the b r i q u e t  we  o b t a i n  t h e  weight percent  of feed c o a l  i n  t h e  sample. 

Some ext ra  care i n  t h e  mounting procedure i s  requi red  t o  o b t a i n  b r i q u e t s  of  known 
and uniform sample conten t .  
p ressed  i n  a mold is n o t  a p p l i c a b l e  because t h e  c learances  of t h e  mold may a l l o w  l i q u i d  
r e s i n  and some of t h e  small p a r t i c l e s  t o  escape and thus  change the composition of t h e  
mixture  and r e s u l t i n g  b r i q u e t .  For t h i s  reason ,  w e  l i m i t  t h e  sample conten t  to  o b t a i n  
a mixture  t h a t  is e a s i l y  mixed and t h a t  w i l l  r e t a i n  a minimum o f  a i r  bubbles  a f t e r  hand 
s t i r r i n g  with a wooden s p l i n t .  Note t h a t  t h e  presence of bubbles  is n o t  d e l e t e r i o u s  
provided they a r e  uniformly d i s t r i b u t e d .  Removing t h e  bubbles  by c e n t r i f u g i n g ,  f o r  
example, i s  l i k e l y  t o  cause  sample concent ra t ion .  S t i r r i n g  w i t h  a p r o p e l l o r  stirrer is  
s a t i s f a c t o r y  i f  done wi thout  breaking  t h e  s u r f a c e  of  t h e  mixture .  

The usua l  technique i n  which t h e  sample-resin mixture  i s  

The d e n s i t y  of t h e  b r i q u e t  can b e  determined very  simply by weighing i t  i n  a i r  
and i n  water. 
True ( s o l i d  phase) d e n s i t y  i s  e a s i l y  determined by helium o r  water  displacement  o r  can 
b e  est imated from t h e  hydrogen and a s h  conten t  ( 3 ) .  However, some c o a l s ,  e s p e c i a l l y  
high v o l a t i l e  C bituminous rank and lower, c o n t a i n  a s u b s t a n t i a l  volume of submicro- 
s c o p i c  pores. The d e n s i t y  w e  u s e  should i n c l u d e  t h e s e  pores  b u t  n o t  those  t h a t  a r e  
v i s i b l e  under t h e  microscope,  such as shr inkage  c racks  i n  l i g n i t e  and t h e  lower ranks  
of subbituminous c o a l s .  
i f  most of  t h e  p a r t i c l e s  a r e  l a r g e r  than about 100-mesh s i e v e  s i z e  and i f  they  do n o t  
c o n t a i n  a n  a p p r e c i a b l e  volume o f  microscopica l ly  observable  pores o r  c racks .  
cyclone f i n e s  w e  determined t r u e  d e n s i t y  by helium displacement  on a B e c h n  A i r  
Pycnometer; from t h i s  and p o r o s i t y  obta ined  from an e q u i l i b r i u m  moisture  de te rmina t ion ,  
w e  c a l c u l a t e d  p a r t i c l e  d e n s i t y .  
l i g n i t e  feed i s  based on t h e  conclusion,  from unpublished work a t  IGT,  t h a t  t h e  d r i e d  
l i g n i t e  does not  s w e l l  a p p r e c i a b l y  when immersed i n  water .  However, w e  need t o  apply  
a c o r r e c t i o n  t o  the  pore  volume because of t h e  enhanced d e n s i t y  of water  ( o r  a c t u a l l y  
o f  the water-coal complex) i n  t h e  pores  of low rank  c o a l  ( 4 ) .  T h i s  is t h e  reason  t h a t  
d e n s i t y  determined by water  displacement on low rank  c o a l s  i s  h igher  than d e n s i t y  
determined by helium displacement .  La ter  w e  r e a l i z e d  t h a t  i f  we had used apparent  
d e n s i t y  i n  water ,  no c o r r e c t i o n  would be necessary as t h e  e f f e c t  then  cance ls  o u t .  
The r e s p e c t i v e  equat ions  f o r  t h e  p a r t i c l e  d e n s i t y ,  d ,  of dry  c o a l  a r e  - 

Determining t h e  a p p r o p r i a t e  d e n s i t y  of t h e  feed  c o a l  is not  so s imple .  

P a r t i c l e  d e n s i t y  determined by mercury displacement i s  s u i t a b l e  

On o u r  

Note t h a t  use of  t h i s  p o r o s i t y  va lue  on our  d r i e d  

and 

d = [1/ (dw) + M/(100 - M) 1-l 

where d and d a r e  d e n s i t i e s  i n  g/cm3 determined by helium and w a t e r  d i sp lacement ,  
respectYGely, axd M i s  t h e  weight percent  of  e q u i l i b r i u m  moisture .  
i n  t h e  f i r s t  of t h e s e  equat ions  i s  our  v a l u e  f o r  t h e  d i f f e r e n c e  between t h e  two den- 
sities f o r  t h i s  c o a l  ( 2 ) .  

The q u a n t i t y  0.10 

In the  poin t  count  a n a l y s i s  of t h e  b r i q u e t  t h e  feed c o a l  i s  recognized p r i n c i p a l l y  
by t h e  low r e f l e c t a n c e  of  i t s  v i t r i n i t e  and e x i n i t e ,  ranging below about 0.4%, compared 
wi th  t h e  s u b s t a n t i a l l y  h igher  r e f l e c t a n c e  of v i t r i n i t e  t h a t  h a s  been heated t o  800' 
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t o  900°F i n  t h e  f i r s t  s t a g e  of h y d r o g a s i f i c a t i o n  and t o  even h igher  temperatures  i n  
succeeding s t a g e s .  
l a t e r  s t a g e s ;  perhaps t h e s e  p a r t i c l e s  c o n t a i n  d ispersed  c l a y  t h a t  becomes more con- 
cent ra ted  and thus  lowers  t h e  r e f l e c t a n c e .  However, t h e s e  p a r t i c l e s  a l s o  become gra iny ,  
so  they can s t i l l  be  d i s t i n g u i s h e d  from t h e  feed  c o a l  r a t h e r  e a s i l y .  
a b l e  t o  d i s t i n g u i s h  whether p a r t i c l e s  composed of i n e r t i n i t e  on ly  o r  minera l  mat te r  
on ly  o r i g i n a t e  from t h e  feed  c o a l  or from one of  t h e  r e a c t i o n  s t a g e s .  
count as feed c o a l  t h e  p o i n t s  f a l l i n g  on any maceral o r  on minera l  m a t t e r  i f  t h e  par-  
t i c l e  t h a t  t h e  poin t  i s  on conta ins  any recognizable  v i t r i n i t e .  Then, t o  c o r r e c t  f o r  
the  presence of  p a r t i c l e s  from t h e  feed  c o a l  conta in ing  i n e r t i n i t e  o r  minera l  mat te r  
only,  w e  ana lyze  by p o i n t  count t h e  f i n e s  of t h e  feed c o a l  t h a t  pass  a 100-mesh USS 
s i e v e  t o  o b t a i n  t h e  volume f r a c t i o n  of such p a r t i c l e s .  

However, some p a r t i c l e s  darken a s  g a s i f i c a t i o n  progresses  i n  t h e  

W e  have not  been 

Accordingly, w e  

The weight percent  of c o a l  i n  t h e  cyclone sample i s  c a l c u l a t e d  accord ing  t o  t h e  
formula - 

100 dV 
d b ( l  - I )W Coal, w t  % = 3)  

where d is t h e  p a r t i c l e  d e n s i t y  of t h e  c o a l ,  db is t h e  d e n s i t y  of t h e  sample b r i q u e t ,  
V i s  t h e  determined volume percent  of c o a l  i n  t h e  sample b r i q u e t ,  IC is t h e  volume 
f r a c t i o n  of p a r t i c l e s  i n  t h e  c o a l  f i n e s  conta in ing  i n e r t i n i t e  o r  minera l  matter only ,  
and W i s  t h e  weight percent  of sample i n  t h e  sample b r i q u e t .  

Apparatus and Procedures  

The sample was d r i e d  enough t h a t  t h e  r e t a i n e d  mois ture  d i d  not  i n t e r f e r e  wi th  t h e  
cur ing  of the  epoxy r e s i n .  Weighed amounts of epoxy r e s i n ,  sample, and a c t i v a t o r  w e r e  
mixed t o  y i e l d  a b r i q u e t  of a c c u r a t e l y  known and uniformly d ispersed  d r y  sample conten t  
of 30 t o  40 weight percent .  
quet  w a s  determined by weighing i n  air  and water ,  and t h e  b r i q u e t  w a s  ground and 
pol ished according t o  t h e  methods of ASTM D2797 (1) .  
i n  t h e  same way. 

Af te r  cur ing  i n  a mold overn ight  t h e  d e n s i t y  of t h e  b r i -  

Feed c o a l  b r i q u e t s  were prepared 

For t h e  p o i n t  count  a n a l y s i s  a Zeiss Universal  microscope was used wi th  a 40X 
Achromat o b j e c t i v e  g iv ing  a magni f ica t ion  of  62513 wi th  a 12.5X eyepiece.  
counted a t  t h e  corners  of  a Whipple d i s k  t o  a t o t a l  of 1000 on each of two b r i q u e t s .  
P o i n t s  were counted on t h e  feed  c o a l  f i n e s  i n  t h e  same manner except  t h a t  i n e r t i n i t e  
and mineral  matter were a l s o  counted.  

P o i n t s  were 

Equilibrium moisture  w a s  determined according t o  a modi f ica t ion  of  ASTM D1412 (1) . i n  which.a 10 g sample was used and t h e  temperature  was maintained n e a r  room tempera- 
t u r e  by p lac ing  t h e  equi l ibr ium v e s s e l  i n  a n  i n s u l a t e d  box. 

Resul t s  and Conclusions 

The helium d e n s i t y  of t h e  feed c o a l  f i n e s  was 1.63 g/cm3 and t h e  equi l ibr ium 
moisture  conten t  2 1 . 1  weight percent ;  t h e s e  g i v e  a p a r t i c l e  d e n s i t y  of 1.18 g/cm3. 
The poin t  count a n a l y s i s  of s i x  b r i q u e t s  of t h e  feed  c o a l  is shown i n  Table  2 ;  two 
b r i q u e t s  each were prepared from t h r e e  d i f f e r e n t  c o a l - r e s i n  mixtures .  The average 
content  of v i t r i n i t i c  p a r t i c l e s  (from t h e  s i x  ana lyses)  was 91.0 volume percent .  The 
amount of feed c o a l  found i n  each b r i q u e t  by t h e  poin t  count a n a l y s i s ,  when c a l c u l a t e d  
according t o  t h i s  average conten t  of v i t r i n i t i c  p a r t i c l e s  and expressed a s  percent  of 
t h e  amount determined g r a v i m e t r i c a l l y  i n  our  p r e p a r a t i o n ,  ranged from 90% t o  1 1 2 %  
with an average of 102%. 

Repl ica te  de te rmina t ions  on some cyclone d u s t s  (Table 3 )  i n d i c a t e s  t h e  repea t -  
a b i l i t y  t h a t  was obtained i n  t h e  poin t  count. Only one resin-sample mixture  was pre- 
pared f o r  each sample because of  t h e  l i m i t e d  q u a n t i t y  of  sample a v a i l a b l e ;  f o r  two of 
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them only one briquet could be made. 
regrinding and repolishing to obtain a duplicate point count analysis of each briquet. 

A new section of each briquet was exposed by 

The good average recovery on the feed coal briquets lends support to the prin- 
ciples of-the method and indicates that systematic errors have been reduced to a 
satisfactory level. 

With the analysis for feed coal in the cyclone dust in hand we can attempt tO 
draw some additional conclusions about the source of the remainder of the dust. For 
example, if we take the analyses in Table 1 to be representative of the fines elu- 
triated from each bed, then about 45% to 55% of the cyclone dust must come from the 
steam-oxygen gasifier. 
presents severe difficulties and the analyses shown may not fully represent the 
composition (or size distribution) of the actual process solids. 
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Table 1. TYPICAL COMPOSITION OF SOLIDS IN THE HYGAS REACTOR 
DURING RUN 37 ON LIGNITE 

Spent Char 
Feed Coal After Second S age From Steanr Cyclone 
(Lignite) First Stage*? Bed' Oxygen Gasifier? 

w t X  
Proximate Analysis (as received) 

Moisture 
Volatile Matter 
Ash 
Fixed Carbon 

17.0 3.7 
35.2 19.2 
9.7 22.9 
38.1 54.2 

2.6 
8.5 
28.2 
60.7 

7.0 2.6 
9.3 15.5 
46.1 36.5 
37.6 45.4 

ultimate Analysis (dry basis) 

Carbon 61.9 62.8 65.2 44.9 52.9 

Nitrogen 1.01 1.02 0.55 0.22 0.67 
Sulfur 0.86 0.48 0.17 0.10 0.38 
Ash 11.74 23.76 28.93 49.58 37.52 
oxygen (by difference) 20.18 9.24 3.59 4.26 6.53 

Hydrogen 4.31 2.70 1.56 0.94 2.00 

sieve Analysis. USS 

Retained on No. 
12 
20 
30 
40 
60 
80 
100 
200 
325 
Pa" 

11.0 
23.6 
11.1 
10.3 
14.9 
6.9 
2.8 
8.3 
4.1 
7.0 

2.5 
11.5 
6.7 
6.3 

13.4 
7.4 
5.5 

16.9 
15.4 
14.4 

6.5 
19.6 
9.7 
10.7 
16.9 
8.4 
4.3 

13.2 
1.2 
3.5 

0.1 
2.9 
4.4 
6.4 

16.5 
11.4 
7.6 

19.1 
12.5 
18.5 

0.0 
0.0 
0.6 
0.6 
2.1 
2.5 
3.5 

*Sampled from the epouting bed above the lift line reactor. 
'gecause of high-pressure sampling difficulties. these analyses may not be representative of the 
composition or sire distribution of the process solids. 

24.7 
30.9 
35.1 
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Table 2 .  ANALYSIS OF FEED COAL 

1A 1 B  2A 2B ---- Briquet  No. 

Density of Br ique t ,  g/cm 1.216 1.210 1.198 1.198 

Prepared,  w t  % 33.7 33.7 28.8  28.8 
Feed Coal i n  Br ique t ,  a s  

P o i n t  Count Analysis  
V i t r i n i t i c  P a r t i c l e s ,  

V i t r i n i t i c  P a r t i c l e s ,  
% of Whole Coal 88.8 9 2 . 1  94.0 91.0 

Whole Coal, w t  % o f  
Briquet* 30.2 34.0 32.2 29.2 

Whole Coal by Gravimetr ic  

v o l  % of Br ique t  28.5 31.9 29.9 27.2 

Whole Coal by P o i n t  Count/ 

Prepara t ion ,  % 90 101 112 102 

3A 

1.209 

26.5 

24.6 

92.1 

26.2 

99 

I 

I 

1 
3B I 
26.5 I 

a 
28.9 I 

1.209 

27.1 

91.2 

109 

*Based on average  v i t r i n i t i c  p a r t i c l e  conten t  of whole c o a l  = 91.6 v o l  %. 

Sample No. 

1 

2 

3 

4 

5 

6 

7 

Table 3. ANALYSIS OF CYCLONE DUSTS 

Br ique t  Feed Coal Content, w t  % 
No. I n i t i a l  Reground Average 

1013 

1015 
1016 

1014 

1005 
io08 

1007 
1009 

1011 
1012 

1006 
1010 

14 

5.0 

5.7 
8 . 2  

5.8 

2.9 
6.6 

6.6 
7.1 

7.8 
7.1 
7.0 
9.3 

4.4 4.7 

6.6 6.3 
6.0 

4.5 5.2 

4.4 3.2 
5.0 

7.1 6.6 
8.1 

8.5 8.0 

7.8 

8.6 

7.3 
7.4 
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The h igh  r e s o l u t i o n  NMR of  two important  n u c l e i  (13C and 'D) i n  t h e  s o l i d  

s ta te  is now a p r a c t i c a l p o s s i b i l i t y .  This  adds a u s e f u l  t o o l  t o  t h e  a r s e n a l  

of  a n a l y t i c a l  chemistry i n  t h e  area of s o l i d  m a t e r i a l s  which are i n s o l u b l e  

o r  otherwise not  amenable t o  c l a s s i c a l  spec t roscopic  techniques.  The 

s tudy of I 3 C  i s  made p o s s i b l e  by a double  resonance method (Proton Enhanced 

NMR) due t o  P i n e s ,  Gibby and Waugh and has  now reached t h e  s t a g e  where 

a n a l y s i s  of some f u n c t i o n a l  groups i n  c o a l  i s  p o s s i b l e .  

p i c t u r e  o f  t h e  method w i l l  be  g iven  i n  t h e  t a l k .  

shows s p e c t r a  on our spectrometer  and our  computer from a sample of c o a l  from 

D r .  F. Mayo a t  SRI working on a n  ERDA f o s s i l  energy r e l a t e d  p r o j e c t .  A t  

top is t h e  I 3 C  proton  enhanced NMR spectrum. A t  bottom are t h e  computer 

generated l ineshape  ana lyses  f o r  f o u r  carbon types  ( a l i p h a t i c  262, e t h e r  13%, 

aromatic  53% and polycondensed aromat ic  8%) .  I n  t h e  c e n t e r  i s  t h e  computer 

s imula t ion  done by adding t h e  f o u r  shapes a t  t h e  bottom and adding some 

noise--you must a g r e e  t h a t  t h e r e  is some s i m i l a r i t y  wi th  t h e  experimental  

spectrum. W e  thus  b e l i e v e  the  method i s  quick  and reasonably  r e l i a b l e  

(% 10%) f o r  s tudying  whole c o a l s ,  c o a l  process ing ,  c o a l  by-products and 

o t h e r  f u e l  r e l a t e d  m a t e r i a l s .  

t a l k  and d i s c u s s  t h e  advantages and l i m i t a t i o n s  of t h e  method. 

A s imple  p h y s i c a l  

A s  an example, F igure  1 

We s h a l l  show s e v e r a l  examples of t h i s  i n  t h e  

15 



The study of 'D NMR i n  t h e  s o l i d  adds a new p o s s i b l e  dimension s i n c e  

i s o t o p i c  l a b e l i n g  d u r i n g  process ing  could be  fol lowed d i r e c t l y  i n  t h e  

s o l i d  state. This  w a s  cons idered  u n t i l  r e c e n t l y  a p a r t i c u l a r l y  n a s t y  

nucleus s i n c e  'D l i n e w i d t h  are t y p i c a l l y  200 KHz (s  1000 ppm wide) i n  the  

s o l i d  state. A method due t o  Vega, Sha t tuck  and Pines  (Four ie r  Transform 

Double Quantum NMR) now b r i n g s  t h i s  nuc leus  i n t o  t h e  realm of h igh  

r e s o l u t i o n  and t h e  p o s s i b i l i t y  of a n a l y t i c a l  a p p l i c a t i o n s .  Again, a 

simple p h y s i c a l  p i c t u r e  of t h e  method w i l l  be presented  i n  the  t a l k .  

A s  a n  example, F i g u r e  2 shows t h e  f i r s t  r e s o l u t i o n  of  deuter ium chemical 

s h i f t s  i n  t h e  s o l i d  s ta te .  A t  top i s  a n  NMR f r e e  induct ion  decay taken 

by t h e  double  quantum method. The Four ie r  t ransform spectrum a t  t h e  

bottom shows t r u e  'D chemica l ly  s h i f t e d  l i n e s ,  one due t o  the  COOD and 

one due t o  HDO. 

w i l l  be descr ibed  and i t s  p o s s i b i l i t i e s  and l i m i t a t i o n s  discussed.  

S e v e r a l  r e c e n t  examples of t h i s  s o l i d  s t a t e  'D spectroscopy 

* 
Supported by U.S. Energy Research and Development Adminis t ra t ion.  
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INTRODUCTION 

The "standard" 1 3 C  nmr techniques,  inc luding  pulse  Four ie r  t ransform (FT) 
approaches1 have n o t  been genera l ly  u s e f u l  f o r  s o l i d  samples because o f  (1) 
the excess ive  l i n e  broadening due t o  d ipole-d ipole  i n t e r a c t i o n s  between 1% and 
1H magnetic d i p o l e s ,  (2) chemical s h i f t  a n i s o t r o p i e s  ( d i f f e r e n t  s h i e l d i n g  
va lues  f o r  t h e  many d i f f e r e n t  o r i e n t a t i o n s  of the  molecules i n  an amorphous 
s t a t e  with r e s p e c t  t o  the  magnetic f i e l d  d i r e c t i o n ) ,  and (3)  long l3C s p i n -  
l a t t i c e  r e l a x a t i o n  t i m e s  A l l  of  these  problems a r e  e l imina ted  i n  
l i q u i d s  ( o r  i n  the case of long T1 va lues ,  a t  least  g r e a t l y  reduced) by t h e  
normal tumbling motions occurr ing  randomly i n  the l i q u i d  s t a t e .  

For an a n a l y t i c a l  technique i n  the f i e l d  of f o s s i l  f u e l s ,  the  c o n s t r a i n t  
t o  l i q u i d  samples has  been very r e s t r i c t i v e .  For many types of samples, 
e .g . ,  o i l  s h a l e s  and t y p i c a l  c o a l s ,  only a small f r a c t i o n  of  the organic  
substances can be e x t r a c t e d  from a s o l i d  under mild condi t ions  t h a t  would 
be expected t o  r e t a i n  the  primary s t r u c t u r a l  i n t e g r i t y  of  the  organic  
compounds. 

The r e c e n t l y  developed techniques used to  narrow the  l i n e s  of  13C nmr s i g n a l s  
i n  s o l i d s  a r e  high power 'H decoupling3 and magic-angle spinning.4-7 
former involves  i r r a d i a t i o n  of t h e  proton manifold a t  the  l H  resonance frequency.  
It i s  analogous t o  the  comon "spin-decoupling" technique f o r  e l i m i n a t i n g  s p l i t -  
t i n g s  due t o  i n d i r e c t  sp in-sp in  coupl ing  i n  s tandard  h i g h - r e s o l u t i o n  nmr 
experiments;  b u t  i t  r e q u i r e s  much h igher  r a d i o  frequency poweri because d i r e c t  
d i p o l a r  I 3 C , l H  i n t e r a c t i o n s  are much l a r g e r  than i n d i r e c t  13C, H coupl ing  
cons tan ts .  

The 

The importance of magic-angle sp inning  i s  t h a t  r a p i d  sample spirui ing a t  
the mogic onglc  r l imJnatcs  Lhc e f f r c t s  o f  chemical s h i f t  an iso t ropy ,  k, 
averaging the  resonance p o s i t i o n s  corresponding t o  the var ious  o r i e n t a t i o n s  
of  a p a r t i c u l a r  type of  carbon atom i n  the s o l i d  sample to  the i s o t r o p i c  l i m i t  
t h a t  would be observed i f  the sample were i n  a nonviscous l i q u i d  state.'y8 
This  i s  because the  a n i s o t r o p i c  p a r t  of  the s h i e l d i n g  tensor  involves  a t r igono-  
m e t r i c  f a c t o r  which vanishes  a t  a va lue  54.7O ( t h e  magic angle)  f o r  the a n g l e  
between a s h i e l d i n g  tensor  a x i s  and t h e  magnetic f i e l d  a x i s .  
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The remaining source  of  l i n e  broadening expected of  I 3 C  resonances i n  
s o l i d  f u e l s  i s  the  d i s p e r s i o n  of ( i s o t r o p i c )  chemical s h i f t s  of a given 
class of carbon atoms over  a range due t o  s u b t l e  s t r u c t u r a l  d i f f e r e n c e s  
a s s o c i a t e s  w i t h  t h e  complex s t r u c t u r a l  v a r i a t i o n s  i n  such samples. This  
d i s p e r s i o n  of chemical s h i f t s  i s  not removed by the techniques d iscussed  i n  
t h i s  paper, and is u l t i m a t e l y  a genuine source of  s t r u c t u r a l  information.  

The t h i r d  problem mentioned above, the long s p i n - l a t t i c e  r e l a x a t i o n  t i m e s  
i n  s o l i d s ,  i s  circumvented by the  development by Waugh and cnworkers of c ross  
p o l a r i z a t i o n  methods , o r  Proton Enhanced Nuclear Induct ion  Spectroscopy. 
I n  c ross  p o l a r i z a t i o n  a n  enhanced I3C magnet iza t ion  i s  achieved a t  a r a t e  
much f a s t  
t i o n  

where rc and rH a r e  the  magnetogyric r a t i o s  of 13C and 'H, r e s p e c t i v e l y .  

than t h e  rate of rees tab l i shment  of a n  equi l ibr ium I 3 C  magnetiza- 
"C s p i n - l a t t i c e  r e l a x a t i o n .  This  i s  achieved by the  'H sp in- lo  k 

procedure3 and the e s t a h l i s h m e n t  of  Hartmann-Hahn condi t ions ,  YCHP = TEH1 f , 

Although s e v e r a l  v a r i a t i o n s  of  the g e n e r a l  type of c ross  p o l a r i z a t i o n  
experiment have been sugges ted ,  t h e  form emplo e d  i n  t h i s  work i s  t h a t  
o r i g i n a l l y  descr ibed  by Pines ,  Gibby and Waughg f o r  13C; i t  i s  shown 
schemat ica l ly  i n  F i g .  1. The key f e a t u r e  r e s p o n s i b l e  f o r  the  success  o f  the 
c r o s s  p o l a r i z a t i o n  experiment  f o r  1 3 C  i n  s o l i d  samples i s  the r a p i d  t r a n s f e r  o f  
magnet iza t ion  from the  pro ton  s p i n  s e t  t o  t h e  I 3 C  s p i n  set  under the Hartmann- 
Hahn condi t ion .  This  t r a n s f e r  permits  the  es tab l i shment  and r e p e t i t i v e  r e e s t a b l i s h -  
ment of the I3C s p i n  p o l a r i z a t i o n  needed f o r  1 3 C  nmr d e t e c t i o n ,  wi thout  wai t ing  
t h e  long t i m e s  ( t h r e e  t o  f i v e  I3C T1's) requi red  f o r  es tab l i shment  of t h e  
p o l a r i z a t i o n  via normal 1 3 ~  s p i n - l a t t i c e  r e l a x a t i o n  procesEs .  The experiment can 
be  repea ted  a f t e r  w a i t i n g  f o r  the protons t o  r e p o l a r i z e  ( t h r e e  t o  f i  ' IH T1's). 
T h i s  r e p o l a r i z a t i o n  i s  g e n e r a l l y  a much more e f f i c i e n t  process  than "C 
r e p o l a r i z a t i o n  by s p i n - l a t t i c e  processes .  

Using t h e  cross-polarization/high-power 'H decoupl ing technique,  I 3 C  
s p e c t r a  of the  type  shown i n  Fig.  2 were obta ined .  A v a r i e t y  o f  f a c t o r s  
prec lude  us ing  s p e c t r a  obta ined  i n  t h i s  way d i r e c t 1  u a n t i t a t i v e  
de te rmina t ion  of t h e  a l i p h a t i c  carbon/aromatic carb:n rat io9"These f a c t o r s  
i n c l u d e  chemical s h i f t  a n i s o t r o p i e s  
c r o s s - p o l a r i z a t i o n  e f f i c i e n c i e s  and the undetermined d i s t r i b u t i o n  of r e l e v a n t  
pro ton  r e l a x a t i o n  times. 
coming o r  c h a r a c t e r i z i n g  these  f a c t o r s ,  a s u b j e c t  of cont inuing  r e s e a r c h  i n  
t h e s e  l a b o r a t o r i e s .  Never the less ,  we have observed a very  i n t e r e s t i n g  and use- 
f u l  c o r r e l a t i o n  o b t a i n e d  d i r e c t l y  from t h e  raw s p e c t r a .  

f o r  th  

and r e l a t e d  peak over laps ,  unequal 

This c u r r e n t  l i m i t a t i o n  can be  e l imina ted  only  by over- 

In  the spccLra or Lhc Lypc shown i n  F i g .  2 ,  Lhc reg ion  Lo the  r f g h t  (h ighcr  
s h i e l d i n g )  o i  the a rb iLrar i ly-drawn v e r t i c a l  dashed l i n e  can be i d e n t i f i e d  
l a r g e l y  wi th  the resonances  of  a l i p h a t i c  carbons,  whi le  the region t o  thc l e f t  
i s  a s s o c i a t e d  mainly w i t h  a romat ic  carbons (perhaps some o l e f i n i c  carbons and 
carbonyl  carbons) .  I f  t h e  a r e a  under t h e  spectrum t o  the  l e f t  of the  l i n e  is 
r e f e r r e d  t o  as A ,  t h e a r e a  t o  t h e  r i g h t  as B,  and the t o t a l  a r e a  ( A B )  as C ,  
then  A/C i s  roughly t h e  f r a c t i o n  o f  t o t a l  o rganic  carbon t h a t  is aromat ic  and B/C 
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is roughly t h e  f r a c t i o n  which i s  a l i p h a t i c .  
o rganic  carbon i n  the  sample, measured independent ly  (by t o t a l  carbon minus 
carbonate  and b icarbonate) ,  the  q u a n t i t y  AF'/C i s  a n  i n d i c a t i o n  of t h e  p e r c e n t  
aromatic  carbon i n  the sample and BP/C i s  the  percent  a l i p h a t i c  carbon.  F igures  
3 and 4 show the r e s u l t s  of p l o t t i n g  these  f r a c t i o n s  a g a i n s t  o i l  y i e l d  ( g a l / t o n ) .  
For t h e  twenty o i l  s h a l e s  and kerogens examined i n  t h i s  s tudy,  t h e  t o t a l  
o rganic  carbon content  (P) ranged from 11 t o  81 percent  (by weight)  and the  
(apparent)  f r a c t i o n  of a l i p h a t i c  carbon (B) ranged from 0.37 t o  0.85. 

Then, i f  P is  the percent  (by weight)  

Fig.  3 i n d i c a t e s  t h a t  t h e r e  i s  l i t t l e  c o r r e l a t i o n  between the  amount of  
aromatic  carbon i n  a n  o i l  s h a l e  and i t s  o i l  y i e l d .  By c o n t r a s t ,  F i g .  3 
shows a high l e v e l  of c o r r e l a t i o n  between the  amount of  a l i p h a t i c  carbon i n  
a n  o i l  s h a l e  and t h e  y i e l d  of  o i l  obta ined  i n  r e t o r t i n g .  These r e s u l t s  suppor t  
the t h e s i s  t h a t  i t  i s  the  a l i p h a t i c  p a r t  of the kerogen t h a t  i s  l a r g e l y  
respons ib le  f o r  the  o i l  r e t o r t e d  from o i l  s h a l e .  The r e s u l t s  a r e  a l s o  con- 
s i s t e n t  wi th  e a r l i e r  evidence t h a t  h igher  H/C r a t i o s  i n  o i l  shales a r e  a 
wi th  higher  o i l  yie1ds. l '  Furthermore, the  r e s u l t s  sugges t  t h a t  r e f i n e d  '3C 
nmr measurements ( f a s t e r  and more a c c u r a t e )  may provide a convenient method f o r  
determining n o t  only the  s t r u c t u r a l  c h a r a c t e r i s t i c s  of kerogen, b u t  a l s o  t h e  
economic p o t e n t i a l  of i n d i v i d u a l  s h a l e s .  

o c i a t e d  

S imi la r  experiments on a wide range of coa l  samples a r e  underway and w i l l  
be descr ibed i n  t h e  t a l k .  The r e s o l u t i o n  of aromatic  and a l i p h a t i c  carbons 
can be improved from what i s  shown i n  F i g .  2 by magic-angle sp inning .  The 
consequences of  t h i s  improvement are a l s o  d iscussed .  
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Figure Captions 

Figure 1. Timing sequence of 'H and I 3 C  i r r a d i a t i o n  and I3C observa t ion  i n  a I 

I 

I 

I 

t y p i c a l  c ross  p o l a r i z a t i o n  experiment. 

Figure 2. Cross p o l a r i z a t i o n  s p e c t r a  of  t h r e e  o i l  s h a l e s  wi th  d i f f e r e n t  a l i p h a t i c  
C/aromatic  C r a t i o s .  
the  a l i p h a t i c  from the a romat ic  reg ions  of  the  s p e c t r a .  

The a r b i t r a r y  v e r t i c a l  l i n e  roughly s e p a r a t e s  

Figure 3 .  A p l o t  o f  the  apparent  percent  aromatic  carbon (AP/C) of  twenty 
o i l  s h a l e s  'and kerogens E. the  o i l  y i e l d s  of the o i l  s h a l e s  i n  g a l / t o n .  

A p l o t  o f  the apparent  percent  a l i p h a t i c  carbon (BP/C) of  twenty 
o i l  s h a l e s  and kerogens E. the  o i l  y i e l d s  of  the  o i l  shales i n  
g a l / t o n .  

Figure 4 .  
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A CARBON-13 NMR INVESTIGATION OF THE CHEMICAL COMPOSITION OF COAL DERIVED LIQUIDS 

Ronald J .  Pugmire, K u r t  W. Zi lm, David H. B o d i l y  
David M. Grant, H i r o n o r i  I t o h ,  Susumu Yokoyama 

Departments o f  Chemistry, and Min ing,  M e t a l l u r g y  and Fuels Engineer ing 
U n i v e r s i t y  o f  Utah, S a l t  Lake City, Utah 84112 

The recen t  increased importance o f  coa l  as an energy source has d i c t a t e d  t h a t  I 
more knowledge be ob ta ined  about  the  bas i c  molecular  p r o p e r t i e s  o f  t h e  s o l i d  and 
i t s  conversion p r o p e r t i e s .  
has been employed on a l i m i t e d  bas i s  f o r  t h e  ana lys i s  o f  coal de r i ved  l i q u i d s  as 
w e l l  as pet ro leum samples. Extens ive C-13 NMR work has been c a r r i e d  ou t  i n  o u r  
l a b o r a t o r i e s  on Utah coa l  de r i ved  l i q u i d  samples which have been subjected t o  LC 
and GPC separa t i on  techniques.  NMR da ta  taken a t  25 MHZ and 75 MHZ have been 
analyzed on t h e  a c i d i c ,  bas ic ,  and n e u t r a l  p o r t i o n s  o f  t h e  o i l s  i n  quest ion.  
These data have demonstrated t h a t  va luab le  chemical i n f o r m a t i o n  can be r e a d i l y  
obta ined on a romat i c  and hydroaromatic r i n g  s t r u c t u r e s  and r i n g  s u b s t i t u e n t s  i n  
coa l  l i q u i d s  ob ta ined  from d i f f e r e n t  sources. 
r e s u l t s  w i l l  be d iscussed.  

I. I n t r o d u c t i o n  

S t a r t i n g  as e a r l y  as 1966, Carbon-13 NMR spectroscopy 

I 

I 
The chemical s i g n i f i c a n c e  o f  these 

The recen t  increased importance o f  coa l  as an energy source has d i c t a t e d  

I 

I 

I 

I 

t h a t  more knowledge be obta ined about t h e  b a s i c  molecular  p r o p e r t i e s  o f  t h e  
s o l i d  and i t s  conve rs ion  products .  I n  the  s o l i d  form, coal  does n o t  r e a d i l y  
l end  i t s e l f  t o  a d e t a i l e d  mo lecu la r  c h a r a c t e r i z a t i o n .  However, r e c e n t  advances 
i n  experimental techniques1 have been q u i t e  encouraging and promise t o  shed new 
l i g h t  on t h i s  chemical s t r u c t u r a l  c h a r a c t e r i s t i c  o f  s o l i d  hydrocarbons. 

magnetic resonance has been employed on a l i m i t e d  bas i s  f o r  t h e  ana lys i s  o f  
coa l  der ived l i q u i d s  as w e l l  as pet ro leum  sample^.^^^ 
somewhat hampered i n  these i n v e s t i g a t i o n s  due t o  such comp l i ca t i ng  f a c t o r s  as: 
1 )  inst rument  s e n s i t i v i t y  and techniques; 2 )  t h e  l a c k  o f  an ex tens i ve  r e s e r v o i r  
of Carbon-13 magnetic resonance (CMR) da ta  on which t o  base d e t a i l e d  s p e c t r a l  
i n t e r p r e t a t i o n ;  and 3)  t h e  ext remely complex chemical composi t ion o f  t h e  m a t e r i a l s  
under i n v e s t i g a t i o n .  
f o r  the a n a l y s i s  o f  complex hydrocarbon i n v e s t i g a t i o n  have l a r g e l y  been over-  
come i n  t h e  pas t  5-7 years w i t h  the advent o f  f o u r i e r  t rans fo rm NMR techniques.5 
Many e a r l y  workers i n  t h e  CMR f i e l d  concentrated t h e i r  e f f o r t s  on hydrocarbons 
and by t h e  e a r l y  1970s a f a i r l y  ex tens i ve  body o f  chemical s h i f t  data on f o s s i l  
f ue l  der ived hydrocarbons was emerging.6 Advances i n  i ns t rumen ta t i on  has . 
s i g n i f i c a n t l y  a ided i n  t h i s  i n t e r p r e t a t i o n  o f  t h e  composit ion o f  complex hydro- 
carbon m ix tu res .  
a r o m a t i c i t y  o f  v a r i o u s  coa l  s a m p l e s 2 ~ 3 ~ 4 ~ 6 y 7 ~ 8  and average molecular  parameters,g 
o n l y  l i m i t e d  progress was made i n  inc reas ing  the  s o p h i s t i c a t i o n  o f  t h e  a n a l y t i c a l  
r e s u l t s  obta ined by means o f  CMR. 
t h e  e x t r a c t s  f rom coal . lo , l l  However, r e c o g n i t i o n  o f  t h e  necess i t y  t o  f r a c t i o n a t e  
coa l  de r i ved  l i q u i d s  i n  o rde r  t o  enhance sample a n a l y s i s  has prov ided use fu l  new 
in fo rma t ion  rega rd ing  t h e  chemical s t r u c t u r e  o f  t h e  l i q u i d .  12,13 While LC 
and GPC separa t i on  schemes r e q u i r e d  t o  f r a c t i o n a t e  the  coal  l i q u i d s  a r e  w e l l  
known, they  i n v o l v e  s i g n i f i c a n t  e f f o r t .  

Th i s  work i s  t h e  f i r s t  i n  a se r ies  d e s c r i b i n g  the chemical i n f o r m a t i o n  
de r i ved  f r o m  t h e  LC and GPC chromatographic separat ion and CMR a n a l y s i s  o f  t h e  
l i q u e f i c a t i o n  p roduc ts  o f  Hiawatha h i g h  v o l a t i l e  b i tuminous coa l .  

S t a r t i n g  w i t h  t h e  work o f  F r i e d e l  and R e t c o f ~ k y , ~ , ~  Carbon-13 nuc lea r  

E a r l y  works were 

The problems associated w i t h  adequate i ns t rumen ta t i on  

Whereas, e a r l y  s tud ies  were concerned w i t h  such problems as 

More recen t  workers focused on a n a l y s i s  o f  I 

I 
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11. Experimental 

A. L i q u e f i c a t i o n  and Separat ion Procedure 

The coa l  used i n  t h i s  s tudy was Utah h igh  v o l a t i l e  bituminou;+B rank. The 
d e t a i l s  o f  t h e  hydrogenat ion procedure have been g i ven  elsewhere. 
hydrogenation product  was i n i t i a l l y  ob ta ined  as a " l i g h t  l i q u i d "  and "heavy 
l i q u i d "  p roduc t  i n  t h e  two condenser u n i t s  o f  t h e  r e a c t o r .  
genated p roduc t  was separated i n t o  sa tu ra tes ,  monoaromatic, d ia romat i c ,  t r i a r o -  
ma t i c ,  and po lya romat i c /po la r  f r a c t i o n s  u s i n g  g r a d i e n t  e l u t i o n  th rough  dua l -  
packed ( s i l i c a  gel-alumina e l )  abso rp t i on  columns accord ing t o  t h e  technique 
descr ibed by H i r sch  e t  a l . "  Fu r the r  separa t i on  o f  these f r a c t i o n s  was ob ta ined  
by means o f  g e l  permeation chromatography (GPC) i n  accordance w i t h  t h e  pro-  
cedure o f  Haines and Thompson.16 The separa t i on  scheme employed i s  po r t rayed  
i n  F igure 1. 

The coa l  

The heavy coal hydro- 

B. NMR Procedures 

Proton spec t ra  f o r  each sample was obta ined on a Var ian EM-390 spect rometer .  
Carbon-13 NMR spec t ra  were obta ined on Var ian XL-100 and SC-300 sepectrometers, 
ope ra t i ng  i n  t h e  f o u r i e r  t rans fo rm mode. A t  25 MHZ, an 8K spec t ra  was ob ta ined  
on each sample us ing  0.8 sec. a c q u i s i t i o n  t ime, a 45' pu l se  ang le  and no p u l s e  
delay. 
t ime, a 45' p u l s e  angle, and no pu lse  delay. Deuterochloroform was used as 
so l ven t  and samples were r u n  i n  5 o r  10 mm tubes, depending on q u a n t i t y  o f  sample 
ava i l ab le .  
t o  compensate f o r  d i f f e r e n c e s  i n  carbon NOE o r  TI values. 

A t  75 MHZ, a 16 K spec t ra  was obta ined u t i l i z i n g  0.9 sec. a c q u i s i t i o n  

Standard broad-band decoupl ing was used and no at tempts were made 

111. Resul ts  and Discuss ion 

The d i s t r i b u t i o n  o f  m a t e r i a l s  d e r i v e d  f rom g r a d i e n t  e l u t i o n  through s i l i c a -  
alumina g e l  columns a r e  g i ven  i n  Table 1. The asphaltene and o i l  samples were 
f u r t h e r  separated by GPC techniques i n t o  seven sub f rac t i ons .  The a c i d i c  f r a c t i o n  
was f u r t h e r  separated by bo th  GPC and LC techniques i n t o  f i v e  GPC and f i v e  LC 
f r a c t i o n s .  The CMR data o f  se lec ted  f r a c t i o n s  o f  t h e  sa tu ra te ,  monoaromatic, 
d iaromat ic ,  t r i a r o m a t i c ,  p o l y l p o l a r  aromat ic  and asphaltene f r a c t i o n s  a r e  shown 
i n  F igures 2-10. 
species, t h e  sa tu ra tes  reg ion  i s  dominated by t h e  s p e c t r a l  l i n e s  assoc ia ted  w i t h  
normal p a r a f f i n  groups. Wi th subsequent f r a c t i o n s  one observes a marked decrease 
i n  unbranched p a r a f f i n i c  s t r u c t u r e  w i t h  l i t t l e  o r  no evidence o f  such s i d e  chains 
i n  t h e  l a s t  f r a c t i o n s  ( sma l les t  molecular  s i z e )  e l u t e d  from t h e  column. 
r e s u l t s  can be r a t i o n a l i z e d  by cons ide r ing  t h e  volume occupied by f l e x i b l e  a l k y l  
subs t i t uen ts  on t h e  aromat ic  r i n g s  i n  quest ion,  which, on t h e  bas i s  o f  e f f e c t i v e  
molecular  s i ze ,  would be q u i c k l y  e l u t e d  from t h e  column. 

By c l o s e l y  examining t h e  spect ra o f  each GPC f r a c t i o n  and comparing t h e  
l i n e  p o s i t i o n s  w i t h  those o f  model compounds, i t  i s  p o s s i b l e  t o  d e r i v e  s t r u c t u r a l  
features which can be used t o  a r r i v e  a t  types o f  molecular  spec ies t h a t  may be 
present. For  instance,comparison of  F igu re  4 w i t h  F igu re  6, 7, 9 and 10 i l l u s -  
t r a t e s  t h a t  o n l y  a r e s t r i c t e d  number of p o s s i b l e  a l i p h a t i c  and/or c y c l o a l i p h a t i c  
s t r u c t u r e s  a r e  present  i n  s u b s t a n t i a l  amounts i n  t h e  sma l le r  mo lecu la r  weight  
f r a c t i o n s  o f  t h e  po lynuc lea r  aromat ic  and asphaltene compounds as compared w i t h  

It was noted t h a t  i n  GPC f r a c t i o n  number one o f  a l l  aromat ic  

These 
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t h e  monoaromatic f a m i l y  o f  compounds. I n  f a c t ,  t h e  banding s t r u c t u r e  i n  t h e  
a l i p h a t i c  reg ion  o f  F igu res  6, 7, 9, and 10 correspond t o  t h e  l i n e s  p r e d i c t e d  
f o r  hydroaromatic species t h a t  do n o t  c o n t a i n  a l a r g e  number o f  a l k y l  s ide  chains 
on t h e  c y c l o a l i p h a t i c  moei ty .  With t h e  except ion o f  GPC f r a c t i o n s  1 and 2 o f  
a l l  samples examined, which have a r e l a t i v e l y  h igh  percentage o f  n - a l k y l  s i d e  
chains,  one observes a genera l  preponderance o f  a l i p h a t i c  l i n e  pa t te rns  s i m i l a r  
t o  those  i n  F igu res  6, 7, 9, and 10. 

f e a t u r e s  o f  t h e  i n d i v i d u a l  o i l  f r a c t i o n s  examined. No at tempt  has been made t o  
p o r t r a y  a l l  t h e  s t r u c t u r a l  f ea tu res  t h a t  may be present  nor  t o  at tempt  t o  quan- 
t i f y  t h e  r e s u l t s .  Rather ,  s t r u c t u r a l  f ea tu res  a re  g i ven  f o r  t he  most e a s i l y  
i den  ti f i e d  mol e c u l a r  spec ies.  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  e l e c t r o n e g a t i v e  f u n c t i o n a l  groups con ta in -  
i n g  oxygen and n i t r o g e n  u s u a l l y  s h i f t  ad jacen t  carbon atoms s u f f i c i e n t l y  down- 
f i e l d ,  compared t o  carbons which do n o t  bear a s u b s t i t u e n t ,  t o  enable ready 
i d e n t i f i c a t i o n .  O f  t h e  34 GPC f r a c t i o n s  o f  t h e  o i l  f r a c t i o n s  examined i n  d e t a i l ,  
o n l y  3 f r a c t i o n s  e x h i b i t  evidence o f  such f u n c t i o n a l  groups. 
b e r  one i n  t h e  3 - r i n g  a romat i c  f r a c t i o n  was t h e  o n l y  sample exhab i t i ng  carbons 
con ta ined  i n  o r  ad jacen t  t o  an e s t e r  f u n c t i o n a l  group; i . e . ,  R-C-O-C-R. 
case o f  the po lya romat i c /po la r  f r a c t i o n ,  GPC f r a c t i o n s  f o u r  and seven d i s p l a y  
resonance l i n e s  i n d i c a t i v e  o f  t h e  presence o f  e the rs  and/or a l coho ls .  
f u n c t i o n a l  groups cou ld  n o t  be present  i n  more than a few ten ths  percent .  
t h e  CMR data suggests t h a t  t h e  m a j o r i t y  o f  t h e  oxygen and, perhaps t h e  n i t r o g e n  
compounds as w e l l ,  a r e  n o t  present  i n  t h e  o i l s  but, ra the r ,  have probably  con- 
c e n t r a t e d  i n  t h e  o t h e r  f r a c t i o n s  (ac ids ,  bases, and asphaltenes). The CMR da ta  
does n o t  pe rm i t  c o m e n t  on  t h e  presence o f  absence o f  n i t r o g e n  o r  s u l f u r  species. 

Wi th  the  excep t ion  o f  GPC f r a c t i o n s  1, 2, and 3 o f  t he  sa tu ra tes  f r a c t i o n ,  
which con ta in  a lmost  e n t i r e l y  normal p a r a f f i n s ,  t h e  spec t ra l  l i n e s  a r e  so com- 
p l e x  t h a t  a t  25 MHZ o n l y  a smal l  f r a c t i o n  o f  t he  chemical i n f o r m a t i o n  a v a i l a b l e  
can be  i n t e r p r e t e d .  An i l l u s t r a t i o n  example o f  t h e  power o f  carbon-13 NMR tech-  
n iques t o  s i m p l i f y  t h e  problem somewhat i s  i l l u s t r a t e d  i n  F igures 11, 12 and 13. 
I n  t h i s  case t h e  l i g h t  l i q u i d ,  which has n o t  been subjected t o  any f u r t h e r  sep- 
a r a t i o n ,  was examined a t  75 MHZ (F igu re  12) w i t h  t h e  corresponding 25 MHZ spectrum 
( F i g u r e  11) i nc luded  f o r  purposes o f  comparison. The increased f i e l d  o f  t h e  
superconduct ing spect rometer  n o t  o n l y  prov ides a t h r e e - f o l d  i nc rease  i n  l i n e  
d i s p e r s i o n  bu t  a l s o  g r e a t l y  increases t h e  s e n s i t i v i t y .  
f i e l d  one can r e s o l v e  n e a r l y  a l l  o f  t h e  l i n e s  i n  t h e  spectrum i n  F igu re  11. ( I t  
i s  admi t ted t h a t  t h e  l i g h t  l i q u i d  i s  l e s s  complex than the  GPC f r a c t i o n s  con- 
s i d e r e d  i n  t h i s  paper b u t  t he  comparison i s  i n f o r m a t i v e ) .  A 250 Hz p l o t  ( F i g u r e  
13) o f  a p o r t i o n  o f  t h e  a romat i c  r e g i o n  i n  F igu re  12 demonstrates the  weal th  of 
chemical i n fo rma t ion  t h a t  i s  a v a i l a b l e  i n  t h i s  sample. This  l i g h t  l i q u i d  sample 
has been subjected t o  a GC separa t i on  us ing g lass  c a p i l l a r y  column techniques by 
D r .  F. J. Yang.17 Using a f lame i o n i z a t i o n  d e t e c t o r ,  306 peaks i n  t h e  chromato- 
gram were reso lved  and measured by means o f  computer techniques. l7,I8 
o n l y  30-40 compounds a r e  p resen t  i n  s i g n i f i c a n t  amounts (ca. 1%). D r .  J .  N. 
Shoolery  has employed 13C NMR ana lys i s ,  us ing  microsampling  technique^,'^ t o  
i d e n t i f y  to luene as t h e  most prominent  component i n  t h e  l i g h t  l i q u i d . 2 0  The 
resonance p o s i t i o n s  o f  t o l u e n e  a re  marked i n  F igure 12. 

l i n e s  f o r  alkenes a r e  observed i n  n e a r l y  a l l  GPC f r a c t i o n s  s tud ied .  

The data i n  Table 2-6 p rov ide  a convenient  summary o f  t h e  general s t r u c t u r a l  

GPC f r a c t i o n  num- 

I n  t h e  

The 
Hence, 

Hence, w i t h  t h i s  h i g h e r  

However, 

I t  i s  i n t e r e s t i n g  t o  p o i n t  out, w i t h o u t  f u r t h e r  comment, t h a t  t h e  resonance 
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The GPC and LC subfractions of the acid fraction were examined i n  detai l .  
GPC fractions 4 and 5 were no t  studied due to  solubility problems in a solvent 
suitable for CMR studies. GPC fractions 1-3 exhibited resonance lines in the 
aromatic region associated with phenolic and carbazolic structures. However, 
l i t t l e  significant change was observed in either the aromatic or aliphatic 
regions as a function of molecular size. The five LC fractions examined also 
exhibited aromatic lines characteristic of phenol and carbozole derivatives. 
However, the relative changes in resonance line patterns were quite dis t inct ,  
especially in the saturate region, between the various fractions t h a t  were 
eluted from the column. Perhaps the most significant result i s  t h a t  only in 
sample LC-3 (the third sample collected from the column) one observes resonance 
lines from bo th  es ter  and ether functional groups. 
gel columns have functional separation characteristics, i t  i s  n o t  surprising 
that such discrimination i s  noted. 

hibited the resonance lines in the aromatic region characteristic of pyridine 
type compounds and their  derivatives. 

in obtaining chemical structural information on coal derived liquids. As with 
any analytical technique, the detail of the information obtained i s  dependent, 
to  some extent, on the sophistication of the separations scheme employed in 
order t o  reduce the number of compounds or compound types t o  a manageable level. 
However, even the most elaborate separation scheme renders individual compound 
identification very tedious i f  i t  must be carried o u t  manually. Fortunately, 
the advent of sophisticated data processing equipment may soon allow signif i -  
cant progress in this  area as archival f i l e s  and data manipulating sub-routines 
replace the inadequacies of human data analysis. 
will be discussed. 

Inasmuch as silica-alumina 

The basic fraction was subjected t o  LC separation techniques only and ex- 

The CMR data obtained demonstrates the u t i l i ty  of Carbon-13 NMR techniques 

The status of these techniques 
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flGURE 11 MR spectra o f  I l g h t  oil taken a t  25 mz. 
15.445 t r a n s i e n t s  were accumlaled.  l o l a l  t i m e  required was 8 hours. 

II D,O c a p l l l a r y  was urcd as external lock. A total of  
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FIELD DESORPTION MASS SPECTROMETRY - APPLICATION TO THE ELUCIDATION OF THE STRUC- 
TURE OF HLlMIC A C I D  by  R .  L. Idershaw, U.S. Geo log ica l  Survey,  Denver F e d e r a l  Cen te r ,  

Denver,  CO, 80225, D. F. Ba ro f sky  and E .  Ba ro f sky ,  Oregon Graduate  C e n t e r ,  Beave r ton ,  
Oregon, 97005 

P r o g r e s s  i n  t h e  e l u c i d a t i o n  of t h e  s t r u c t u r e  of humic a c i d s  has  been impeded, i n  
p a r t ,  by our i n a b i l i t y  t o  d i s s o c i a t e  humic a c i d  a g g r e g a t e s  i n t o  a n a l y z a b l e  u n i t s  and ,  
i n  p a r t ,  t o  t h e  n o n a v a i l a b i l i t y  of  adequa te  a n a l y t i c a l  t o o l s  t o  monitor  t h e  chemica l  
p rocedures .  F i e l d  d e s o r p t i o n  mass s p e c t r o m e t r y  (FDMS) h a s  t w o  p r o p e r t i e s  t h a t  make i t  
i d e a l l y  s u i t e d  t o  t h e  a n a l y s i s  of r e l a t i v e l y  l a r g e  molecu la r  a g g r e g a t e s  such  a s  humic 
a c i d s .  These a r e :  (1) The FDMS of most compounds e x h i b i t  predominantLy molecu la r  or  
pseudomolecular  i o n s  and ( 2 )  sample v o l a t i l i z a t i o n  is n o t  r e q u i r e d  p r i o r  t o  i o n i z a t i o n .  

t h a t  w e  have used t o  d i s s o c i a t e  humic a c i d  f r a c t i o n s  by e n a b l i n g  u s  t o  obse rve  t h e  
d i s s o c i a t e d  f r agmcn t s .  The most s i g n i f i c a n t  r e s u l t  a r i s i n g  o u t  of  t h i s  work t o  d a t e ,  
has  been the o b s e r v a t i o n  of humic a c i d  f r agmen t s  fo l lowing  e i t h e r  c h l o r i n a t i o n  o r  
p e r m e t h y l a t i o n ;  i n  u n t r e a t e d  samples  we g e t  no s p e c t r a .  
m e t h y l a t i o n  i s  a t t r i b u t e d  t o  a r e d u c t i o n  i n  hydrogen bonding.  

t h e o r y ,  i n s t r u m e n t a t i o n ,  and t e c h n i q u e s  The second p a r t  w i l l  p r e s e n t  t h e  r e s u l t s  Of 
t h e  a p p l i c a t i o n  of FDMS t o  t h e  s t r u c t u r a l  e l u c i d a t i o n  of humic a c i d  and t h e  g e n e r a l  
a p p l i c a b i l i t y  of FDPlS t o  s i m i l a r  problems. 

F i e l d  d e s o r p t i o n  mass s p e c t r o m e t r y  a l l o w s  u s  t o  mon i to r  t h e  chemical  r e a c t i o n s  

The d i s a g g r e g a t i o n  on per-  

The f i r s t  par t  o f  t h i s  pape r  w i l l  p r e s e n t  a b r i e f  su rvey  of FDMS, t h a t  i s ,  its 
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